H
and, foot, and mouth disease (HFMD) is a common acute enteroviral infectious disease which usually affects infants and young children below 10 years old, characterized by a brief febrile illness with a vesicular rash and cutaneous vesicles on the hands, feet, mouth, and buttocks. Some complications such as myocarditis, aseptic meningitis, encephalitis, pulmonary edema, circulatory disturbance, and even death have occurred in a few patients (3, 8, 22) . HFMD is caused by enteroviruses, which are members of the picornavirus family (single-stranded RNA, nonenveloped), and is most commonly associated with coxsackievirus A16 (CVA16) and human enterovirus 71 (EV71) (12) . Other members of this group, including CVA2, CVA4 to CVA6, CVA9, CVA10, CVB1 to CVB3, CVB5 (1, 3, 5-6, 10, 14, 23) , and partial echovirus (ECHO) (2, 9, 22, 32) , have also been associated with outbreaks or sporadic cases of HFMD.
The identification and serotyping of enteroviruses have been based on the time-consuming and labor-intensive procedures of viral isolation in cell culture and neutralization with mixed hyperimmune equine serum pools and specific monovalent polyclonal antisera for confirmation (4, 13, 21) . Recently, a series of molecular typing methods were developed for rapid identification of enteroviral serotypes, including reverse transcription (RT)-PCR combined amplicon sequencing (17) (18) , real-time RT-PCR (26) (27) , nested and seminested PCR (16) , PCR-RFLP (restriction fragment length polymorphism) assay for typing of enteroviruses causing aseptic meningitis in Korea (11) , microwell oligonucleotide arrays (24) , and an RT-PCR-based reverse line blot (RLB) hybridization assay (31) . These molecular methods could sensitively identify different serotypes of enteroviruses; however, the real-time RT-PCR and nested and seminested PCR were used for detecting only a limited number of serotypes. The PCR-RFLP, microwell oligonucleotide arrays, and RLB hybridization assay could simultaneously detect several viral serotypes; however, costly, time-consuming, and labor-intensive manual procedures were needed. Therefore, a rapid, cost-effective, and highthroughput method for typing the HFMD associated enteroviruses was needed.
The GeXP analyzer is a multiplex gene expression profiling analysis platform developed by Beckman Coulter Company (Brea, CA) which was previously used in the rapid identification of gene expression prostate cancer biomarker signatures in biological samples, rapid and sensitive detection of 68 unique varicellazoster virus gene transcripts (15) , and detection of pandemic influenza A H1N1 virus (19) . The principle of the GeXP multiplex amplification assay is based on the amplification of two sets of primers, the universal primers and the gene-specific chimeric primers (gene-specific primers linked to the universal primer se-quences at the 3= end). During the first few cycles of PCR, amplification is carried out by chimeric forward and reverse primers. In the later stages of PCR, amplification is predominantly carried out by universal forward and reverse primers. All gene targets in the multiplex panel are amplified by universal primers. The forward universal primer is labeled with a fluorescent dye, enabling subsequent fluorescence detection of amplicons by capillary electrophoresis.
In this study, a GeXP analyzer-based multiplex RT-PCR assay (GeXP assay) was developed to simultaneously detect nine common serotypes of enteroviruses associated with HFMD in China, including EV71, CVA16, CVA4, CVA5, CVA9, CVA10, CVB1, CVB3, and CVB5. This assay can be implemented effectively in routine testing environments by allowing users to process more samples in less time than existing assays and platforms.
MATERIALS AND METHODS
Viral isolates and RNA extraction. Twenty-eight serotypes of cellcultured enterovirus isolates used for evaluating the sensitivity and specificity of the GeXP assay were obtained from National Laboratory for Poliomyelitis, National Institute for Viral Disease Control and Prevention, Chinese Center for Disease Control and Prevention. These isolates were used as control viruses and were identified previously by sequencing or neutralization tests. These control viruses included EV71, CVA16, CV2, CVA4, CVA5, CVA6, CVA9, CVA10, CVA12, CVA14, CVA24v, CVB1 to CVB6, ECHO1 to ECHO7, ECHO11, ECHO13, ECHO19, and ECHO30. Among them, the EV71 isolate (strain FY17.08/AN/CHN/ 2008; GenBank accession no. EU703812) and CVA16 isolate (strain FY18/AN/CHN/2008; GenBank accession no. EU812514) were used as reference viruses in this study; both reference viruses had an infectivity titer of 10 6.5 50% tissue culture infective doses (TCID 50 )/ml on human rhabdomyosarcoma (RD) cells. The viral RNAs were extracted from 140 l of cell culture of various reference virus stocks using a QIAamp viral RNA minikit (Qiagen) according to the manual and eluted in 50 l of nuclease-free water. The eluted RNA was aliquoted and stored at Ϫ80°C until needed (7) .
Primers. The GeXP multiplex assay consisted of 11 pairs of chimeric primers (including one pair of panenterovirus primers and 10 pairs of human enterovirus serotype-specific primers) and one pair of universal primers (Tag-F/Tag-R) ( Table 1. ). Each of these chimeric primers consisted of a gene-specific sequence for each virus fused at the 5= end to the universal sequence. Both the forward and reverse universal sequences were quasi-T7 sequences and selected by default using the GeXP eXpress Profiler software. Tag-F/Tag-R was the same as the forward or reverse universal sequence. This strategy was first developed by Beckman Coulter Company and was reported in our previous study (19) . The panenterovirus primers (PE-F and PE-R) were designed in a highly conserved region of the 5= untranslated region (UTR) of the enterovirus genomes as reported by Yang et al. (28) . Ten pairs of human enterovirus serotypespecific primers for the nine serotypes of enteroviruses were designed in relatively conserved VP1 regions of each serotype. Serotype-specific primers sequences were evaluated using the NCBI Primer-Blast, Primer Premier 5.0, and Oligo 6.0 software. Degenerate bases were introduced to cover different strains. The 5= end of the forward universal primer (Tag-F) was labeled with the fluorescent dye Cy5 and purified with high-pressure liquid chromatography. All chimeric primers and the reverse universal primer (Tag-R) were synthesized and purified by polyacrylamide gel electrophoresis (Invitrogen, Shanghai, China).
Evaluation of the specificity of the GeXP assay. Firstly the mono RT-PCR assay was developed individually with extracted RNA from 28 cellcultured serotypes of enterovirus strains to evaluate the specificity of each Separation by capillary electrophoresis and fragment analysis. PCR product separation and detection were performed on a GenomeLab GeXP genetic analysis system (Beckman Coulter) by capillary electrophoresis, following the protocols described previously (20) . After amplified fragments were separated, the peaks were initially analyzed using the fragment analysis module of the GeXP system software and matched to the appropriate genes. The peak height for each gene was reported in the electropherogram.
Evaluation of the sensitivity of the GeXP assay. Sensitivity was tested by following the method described previously (16), using titrated reference viruses (EV71 and CVA16) obtained from infected human RD cells. Serial 10-fold dilutions of the EV71 and CVA16 stock were made in Hanks' balanced salt solution, and RNA from 140 l of each dilution was extracted with the QIAamp viral RNA minikit (Qiagen). The RNA preparations, ranging from 10 5.5 to 10 Ϫ1.5 TCID 50 (0.03 TCID 50 ) per microliter, were tested with the GeXP assay. The assay at each template concentration was repeated three times.
Absolute sensitivity was measured by using in vitro transcribed synthetic RNAs derived from 10 recombinant plasmids containing the VP1 sequences of the nine serotypes of enteroviruses or the 5= UTR. The in vitro-synthesized RNA products were purified with an RNeasy MinElute cleanup kit (Qiagen) and quantitated by spectrophotometry (NanoDrop ND-1000). The concentrated product for each serotype was diluted to final concentrations ranging from 10 5 copies to 1 copy per microliter and then individually subjected to the GeXP assay. The concentrations of specific primers were optimized according to the amplification efficiency of the GeXP assay using a single template. The sensitivity of the optimized GeXP assay was re-evaluated by using 10 premixed RNA templates ranging from 10 5 copies to 10 copies for each serotype per microliter for three times on three different days.
Application to clinical specimens. RNAs were extracted from 180 original clinical stool specimens obtained from HFMD patients and persons suspected of having HFMD to illustrate the application of the optimized GeXP assay. All the clinical stool specimens were assayed in parallel by conventional methods, including isolation of the viruses followed by neutralization testing and conventional RT-PCR followed by amplicon sequencing (21, (29) (30) .
RESULTS

Evaluation of the specificity of the GeXP assay.
The RNAs of 28 cell-cultured serotypes of enterovirus isolates were individually used as templates to evaluate the specificity of each pair of genespecific primers. In mono-RT-PCR assays, the panenterovirus universal primers could amplify the target genes of all 28 serotypes of enteroviruses, but each pair of serotype-specific primers generated corresponding VP1 genes only of the targeted serotype, without cross-amplification. The amplicon sizes for the serotypes were as follows: panenterovirus, 150 to 153 bp; EV71, 264 to 267 bp; CVA16, 246 to 248 bp; CVA4, 270 to 272 bp; CVA5, 180 to 181 bp; CVA9, 251 to 254 bp; CVA10, 274 to 276 bp; CVB1, 224 to 225 bp; CVB3, 281 to 284 bp; and CVB5, 193 to 196 bp (electropherograms not shown). The nine serotypes of enteroviruses associated with HFMD were detected via the GeXP assay. Two specific amplification peaks were observed, representing the panenterovirus target amplicon and the serotype-specific target amplicon (Fig. 1) .
Sensitivity of the GeXP assay. The sensitivity of the GeXP assay was measured using titrated reference viruses (EV71 and CVA16 stocks) or in vitro-transcribed RNAs of nine serotypes of spectrophotometry, given as dye signals in arbitrary units on the y axis. Each peak was identified by comparing the expected to the actual PCR product size on the x axis. EV71, CVA16, CVA4, CVA5, CVA9, CVA10, CVB1, CVB3, and CVB5 were assayed by using enterovirus RNAs extracted from various cell-cultured strains. Nuclease-free water was used as the negative control (NTC) (J).
enteroviruses and panenterovirus. The GeXP assay detected as little as 0.03 TCID 50 of EV71 and CVA16, 10 copies of panenterovirus, EV71, CVA16, CVB1, CVB5, and more than 100 copies of CVA4, CVA5, CVA9, CVA10, and CVB3 with a single RNA template.
Based on all the sensitivity results of GeXP assay with a single RNA template, the concentration of each chimeric primer in the new GeXP assay was adjusted as follows (F, forward; R, reverse): PE (F/R), 20 nM; EV71 (F/R), 50 nM; CVA16 (F/R), 40 nM; CVA4 (F2, F3/R2), 80 nM; CVA5 (F4/R4), 50 nM; CVA9 (F2/R2), 70 nM; CVA10 (F2/R2, R3), 100 nM; CVB1 (F1/R1; F2/R2), 30 nM; CVB3 (F2/R2), 100 nM; CVB5 (F1/R1), 40 nM. The optimized GeXP assay achieved a sensitivity of 100 copies with 10 premixed RNA templates in three independent experiments on three different days (Fig. 2) , and the coefficient of variation was less than 10.15% (not shown).
Application to clinical specimens. A total of 180 specimens collected from HFMD patients and suspects were assayed simultaneously by both the GeXP assay and the conventional methods, including viral isolation in cell culture, neutralization, and conventional RT-PCR followed by amplicon sequencing (21, (29) (30) . The numbers of panenterovirus and each serotype of enterovirus detected by different methods are shown in Table 2 and 3. In comparison with the results of conventional methods, the sensitivities of the GeXP assay for detection of panenterovirus, EV71, and CVA16 were 98.79% (163/165), 91.67% (44/48), and 91.67% (33/36), respectively, and the specificities were 80.00% (12/15), 98.48% (130/132), and 100% (144/144), respectively. The concordance between the detection results of GeXP assay and the results of conventional methods for typing seven other serotypes of enteroviruses was 92.59% (25/27) .
DISCUSSION
In our study, 10 pairs of serotype-specific primers and one pair of panenterovirus universal primers were designed to develop a GeXP assay for simultaneous identification of nine serotypes of enteroviruses, including EV71, CVA16, CVA4, CVA5, CVA9, CVA10, CVB1, CVB3, and CVB5. The selection of enteroviruses associated with HFMD was based on the research data from the National Notifiable Disease Reporting System (NNDRSe) in China and the previous study (10, 23) . The serotype-specific primers were designed to target relatively conserved VP1 regions of each enterovirus serotype, and the panenterovirus universal primers were designed from the 5= UTR (28) . Due to the high FIG 2 Sensitivity of GeXP detection of 10 premixed RNA templates with multiplex primers. All 10 target genes could be detected at 10 3 copies/l (A) and 10 2 copies/l levels (B); only CVA16 and CVA9 could be detected at 10 copies/l levels (C). Nuclease-free water was used as the negative control (D).
Typing Enteroviruses with a GeXP Analyzer
February 2012 Volume 50 Number 2 jcm.asm.org 291 degree of diversity among VP1 sequences, some degenerate bases were introduced, and more than two primers for some enterovirus serotypes were designed to cover the majority of the viral sequences, such as the primers for CVA4, CVA10, and CVB1. The original standard workflow of GeXP was performed in two separate tubes with an RT reaction and a subsequent PCR amplification, as described in the previous reports (15, (19) (20) , which is a costly, time-consuming, tedious process and apt to bring carryover contamination. In order to eliminate these problems, a onestep RT-PCR kit (Qiagen) was adopted and replaced the GeXP start kit (Beckman Coulter Company). The amplification procedure of the GeXP assay was improved via temperature switch PCR (TSP) strategy (25), including three steps with different annealing temperatures (Fig. 3) : step 1 was carried out with gene-specific sequences of chimeric forward and reverse primers, step 2 was carried out mainly with chimeric forward and reverse primers, and step 3 was carried out predominantly with universal forward and reverse tag primers. The GeXP assay, based on the use of chimeric and fluorescent-dye-labeled universal tag primers and the TSP strategy, offered highly sensitive and specific amplifications of different genes in one multiplex RT-PCR assay, avoided preferred and inferior amplification, and minimized nonspecific reactions. The resolution of GeXP analyzer-based capillary electrophoresis is superior to that of conventional capillary electrophoresis. The forward universal primer was fluorescently labeled in the GeXP assay. The resulting dye-labeled PCR products were separated and detected with a Beckman Coulter GenomeLab GeXP genetic analysis system using capillary electrophoresis. After amplified fragments were separated, the data were initially analyzed using the fragment analysis module of the GeXP system software. Then each amplified fragment would be present as a sole peak with an accurate size on the electropherogram. One can clearly differentiate two peaks with a 3-nucleotide or greater difference in a practical way. In theory, the target PCR productions of CVA4 and CVA10 are 271 bp and 274 bp, respectively. The nucleotide difference between them is 3 bp.
The improved GeXP assay was further optimized by adjusting the concentration of each chimeric primer in the reaction based on the individual sensitivity results of the GeXP assay with a single RNA template to overcome the potential interference due to preferential amplification in mixed infections. In this study, the relative and absolute sensitivities were analyzed to evaluate the detection limit of the GeXP assay. The optimal GeXP assay detected as little as 0.03 TCID 50 of EV71 and EVA16, which is comparable to the detection sensitivity of the real-time RT-PCR assay published recently (26) and slightly lower than the sensitivity reported for seminested RT-PCR (16) . The absolute sensitivity of the optimal GeXP assay was 100 copies for simultaneously detecting 10 target genes without cross or nonspecific amplification. In a test of 180 samples, the sensitivities of the GeXP assay for detection of panenterovirus, EV71, and CVA16 were 98.79% (163/165), 91.67% (44/48), and 91.67% (33/36), respectively, and the specificities were 80.00% (12/15), 98.48% (130/132), and 100% (144/144), respectively, compared with conventional methods, revealing a high sensitivity and specificity in the detection of these viruses. Twelve negative specimens were identified by both the GeXP assay and the conventional methods. Two specimens that were negative by the GeXP assay were enterovirus positive by the conventional a All 180 stool specimens had been identified previously by cell culture and classical PCR followed by sequencing. A neutralization test was performed for samples positive for EV71 (n ϭ 48) and CVA16 (n ϭ 36). Twelve negative specimens were detected by both the GeXP assay and the conventional methods. Two specimens that were negative by the GeXP assay were enterovirus positive by the conventional methods. The false negatives of GeXP assay might due to the RNA degradation or occurrence of PCR inhibition with the samples. Three specimens that were negative by the conventional methods were enterovirus positive by the GeXP assay, which were confirmed later by independent RT-PCR and sequencing to be true positives. As a measure of agreement, kappa values for panenterovirus (P ϭ 0.000), EV71 (P ϭ 0.000), and CVA16 (P ϭ 0.000) were 0.813, 0.914, and 0.946, respectively (using SPSS13.0). methods. The false-negative results in the GeXP assay might be due to RNA degradation or to the occurrence of PCR inhibition with the samples. Three specimens that were negative by the conventional methods were enterovirus positive by the GeXP assay, and these were confirmed later by independent RT-PCR and sequencing to be true positives. Because of the limited number of positive samples for the other seven serotypes of enteroviruses (CVA4, CVA5, CVA9, CVA10, CVB1, CVB3, and CVB5), the GeXP assay needs to be validated with a larger number of clinical samples for these viruses. Two distinct advantages of the GeXP assay are the time savings and cost effectiveness. The cost of the GeXP assay for simultaneous detection of 9 serotypes of enteroviruses is approximately $8 per test, versus $8 per test for each virus using a commercial realtime RT-PCR kit. The whole reaction was completed in one tube in a one-step multiplex RT-PCR within 2.5 h, followed by capillary electrophoresis separation. In addition, two 96-well plates can be placed in parallel in a GeXP machine at the same time to further increase the throughput of the samples.
Conclusion. This study has demonstrated that the GeXP assay is a rapid, cost-effective, high-throughput method with high sensitivity and specificity for typing most HFMD-associated enteroviruses, which may be adopted for general use in the Department of Viral Disease Control and Prevention for molecular epidemiologic survey of enteroviruses.
